GMF Promotes Leading-Edge Dynamics and Collective Cell Migration In Vivo  by Poukkula, Minna et al.
GMF Promotes Leading-EdgCurrent Biology 24, 2533–2540, November 3, 2014 ª2014 Elsevier Ltd All rights reserved http://dx.doi.org/10.1016/j.cub.2014.08.066Report
e Dynamics
and Collective Cell Migration In VivoMinna Poukkula,1 Markku Hakala,1 Nalle Pentinmikko,1
Meredith O. Sweeney,2 Silvia Jansen,2 Jaakko Mattila,1,3
Ville Hietakangas,1,3 Bruce L. Goode,2
and Pekka Lappalainen1,*
1Institute of Biotechnology, University of Helsinki, P.O. Box 56,
00014 Helsinki, Finland
2Rosenstiel Center for Basic Biomedical Research, Brandeis
University, Waltham, MA 02453, USA
3Department of Biosciences, University of Helsinki, P.O. Box
56, 00014 Helsinki, Finland
Summary
Lamellipodia are dynamic actin-rich cellular extensions that
drive advancement of the leading edge during cell migration
[1–3]. Lamellipodia undergo periodic extension and retrac-
tion cycles [4–8], but the molecular mechanisms underlying
these dynamics and their role in cellmigration have remained
obscure.We show that glia-maturation factor (GMF), which is
an Arp2/3 complex inhibitor and actin filament debranching
factor [9, 10], regulates lamellipodial protrusion dynamics
in living cells. In cultured S2R+ cells, GMF silencing resulted
in an increase in the width of lamellipodial actin filament
arrays. Importantly, live-cell imaging of mutant Drosophila
egg chambers revealed that the dynamics of actin-rich pro-
trusions in migrating border cells is diminished in the
absence of GMF. Consequently, velocity of border cell clus-
ters undergoing guided migration was reduced in GMF
mutant flies. Furthermore, genetic studies demonstrated
that GMF cooperates with the Drosophila homolog of Aip1
(flare) in promoting disassembly of Arp2/3-nucleated actin
filament networks and driving border cell migration. These
data suggest that GMF functions in vivo to promote the
disassembly of Arp2/3-nucleated actin filament arrays, mak-
ing an important contribution to cellmigrationwithin a 3D tis-
sue environment.
Results and Discussion
Branched actin filament networks nucleated by the Arp2/3
complex provide force for many cellular processes involving
membrane dynamics. Assembly of branched actin networks
is tightly controlled by a variety of Arp2/3 activators, whereas
their disassembly is driven through filament severing induced
by actin-depolymerizing factor (ADF)/cofilin together with Aip1
and cyclase-associated protein [11–14]. Furthermore, a struc-
tural homolog of ADF/cofilin, glia-maturation factor (GMF),
inhibits nucleation by the Arp2/3 complex and can prune
Arp2/3-nucleated filament networks in vitro to enhance their
disassembly [9, 10]. GMF does not interact with actin filaments
by itself, but instead binds with high affinity to the interface be-
tween Arp2 and the first actin subunit of the daughter filament
to sever the branch junction [15, 16]. Studies on cultured
mammalian cell lines have suggested that GMF associates
with membrane ruffles and contributes somehow to cell*Correspondence: pekka.lappalainen@helsinki.fimigration [17–19]. However, relatively little is known about
the in vivo role of GMF in regulating actin dynamics. Studies
in yeast have shown thatGMF displays synthetic genetic inter-
actions with certain cofilinmutants, indicating that it may pro-
mote actin filament disassembly together with cofilin [9, 10].
Knockdown studies on cultured mammalian cells suggested
that GMF promotes the assembly of actin-rich lamellipodia in
neutrophils, but functions as a negative regulator of actin poly-
merization and contraction in human airway smooth muscle
cells [18, 20].
To determine the physiological function of GMF in animals
and to elucidate its role in regulating dynamics of different
actin filament structures in vivo, we applied Drosophila as a
model system. Asmentioned above, twobiochemical activities
have been reported for GMF, common to both yeast and
mouse homologs: inhibition of actin nucleation by Arp2/3
and debranching of daughter filaments from their mothers
[9, 10, 15]. We first tested whether Drosophila GMF (dGMF)
shares these activities. To examine whether GMF affects
Arp2/3-mediated actin nucleation, we performed pyrene-actin
assembly assays. dGMF at 2 mM inhibited actin nucleation
by bovine Arp2/3 complex and human WAVE2 glutathione
S-transferase (GST)-verprolin central acidic (VCA) to a similar
extent as 2 mMmouseGMFg (mGMFg) (Figure 1A). These inhib-
itory effects of dGMFon nucleationwere concentration depen-
dent (Figures 1B and 1C), reaching half-maximal activity at
2–4 mM dGMF, similar to mGMFg [15]. Furthermore, to monitor
filament debranching, we used total internal reflection fluores-
cence (TIRF) microscopy, and we observed that 500 nM dGMF
produced a debranching rate of 1.3 3 1023 6 1.3 3 1024 s21,
similar to the recently measured debranching rate of mGMFg
(about 1.53 1023 s21) [15] (Figures 1D and 1E; Movie S1 avail-
able online). Interestingly, bovine Arp2/3 complex assembles
branched actin filaments that have a relatively high rate of
spontaneous debranching (6.9 3 1024 s21 6 1.2 3 1024 s21),
in the absence of GMF, compared to the branched filaments
produced by yeast Arp2/3 complex, which rarely debranch in
the absence of GMF [9]. However, additional Arp2/3 com-
plex-associated factors found in mammalian cells may stabi-
lize branch junctions against spontaneous dissociation until
GMF arrives to promote debranching.
In order to study the function of GMF in Drosophila cells, we
generated a polyclonal antibody that specifically recognizes
dGMF. Western blotting and immunostaining revealed that
dGMF is expressed in S2R+ cells plated on concanavalin A
and partially colocalizes with F-actin to lamellipodia (Figures
1F, 1G, and S1A). In addition, GMF localized to actin-rich
ridges at the cell periphery, to perinuclear region, and to the
nucleus in cultured Drosophila and mammalian cells (Figures
1G, S1A, and S1C; data not shown). These are likely to repre-
sent true subcellular localizations of GMF, because similar pat-
terns were also detected with GFP-tagged fusion protein, and
because RNAi-mediated silencing caused disappearance of
GMF staining at these regions. dGMF localization to the cell
edge was prominent in cells displaying a narrow lamellipodia,
while in cells with wide lamellipodial actin arrays dGMF did not
clearly accumulate along the cell edges (Figure S1A). Further-
more, in cultured Drosophila S2 and mouse B16 cells, GFP-
GMF was virtually absent from extending lamellipodia, but
Figure 1. Drosophila GMF Inhibits Arp2/3 Complex-Mediated Actin Assembly, Promotes Filament Debranching, and Enhances Disassembly of Lamellipo-
dial Actin Filament Networks
(A) Inhibition of Arp2/3 complex-mediated actin assembly by dGMF and mGMFg. Reactions contained 2 mM actin monomers (5% pyrene labeled), and as
indicated, one or more of the following: 20 nM bovine Arp2/3 complex, 200 nM human WAVE2 GST-VCA, 2 mM dGMF, 2 mM GMFg.
(B) Effects of different concentrations of dGMF (0–7 mM) in reactions as above.
(C) Concentration-dependent effects of dGMF. Time to half-maximal polymerization for each curve in (B) was measured, and the values are plotted versus
dGMF concentration.
(D) TIRF microscopy analysis of filament debranching. Two examples of debranching events observed over time in reactions containing 1 mM actin mono-
mers (10% Oregon green labeled), 5 nM bovine Arp2/3 complex, 100 nM bovine N-WASP GST-VCA, and 500 nM dGMF. Frames were captured at 10 s
intervals with 200 ms exposure time. Debranching events are marked by purple arrows.
(E) Data as in (D) were used to calculate debranching probabilities. Data from three different TIRF experiments were averaged. Error bars show SEM.
(F) Western blot analysis of control and dGMF dsRNA-treated S2R+ cell lysates. Western blot shows efficient silencing of dGMF without effects on the
expression other ADF-H domain proteins twinfilin and cofilin. Tubulin was used as a loading control.
(G) Control and dGMF knockdown S2R+ cells plated in concanavalin A and stained with anti-dGMF antibody and phalloidin to visualize F-actin. dGMF was
enriched in cell edges in control S2R+ cells. Scale bar, 10 mm.
(H) Bar graph presents mean widths of F-actin-rich lamellipodia in control (n = 91), control RNAi (n = 108), dGMF-RNAi1 (n = 96), and dGMF-RNAi2 (n = 114)
cells. Data shown indicatemean6 SEM. The differences between the widths of lamellipodia in dGMF-silenced cells and controls are statistically significant,
while the differences with control and control RNAi are not. ***p < 0.001, **p < 0.01, Student’s t test.
See also Figure S1 and Movie S1.
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2534appeared to enrich in lamellipodia specifically during the
retraction phase. This is because GMF intensity increased in
lamellipodia byw2-fold during the retraction phase, whereas
mCherry-actin displayed only anw1.5-fold increase in the in-
tensity during this period (Figures S1B–S1E). However,
apparent enrichment of GMF at this stagemay at least partially
result from increased thickness of retracting lamellipodia;thus, further studies are required to reveal whether GMF
localization to Arp2/3-containing actin structures is indeed
temporally regulated during lamellipodia extension-retraction.
Importantly, silencing of dGMF by two independent double-
stranded RNAs (dsRNAs) resulted in a significant increase in
the width of lamellipodial actin filament arrays in S2R+ cells,
demonstrating that dGMF is either a negative regulator of actin
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2535filament assembly or a promoter of the disassembly of actin
filament arrays in cultured cells (Figures 1G and 1H).
The localization and function of GMF in S2 cells prompted us
to study its function during border cell migration in the
Drosophila ovary, because it is a well-established genetic
model for directed cell migration in vivo [21, 22]. A group of
border cells delaminates from the follicular epithelium during
stage 9 of oogenesis and performs stereotypical migration be-
tween nurse cells to the oocyte. During this collective migra-
tion, border cells extenddynamic actin-rich cellular protrusions
[23–26]. Mutations in actin regulators, such as cofilin, profilin,
and the small GTPase Rac, cause border cell migration delays,
demonstrating that precise regulation of actin cytoskeleton dy-
namics is required for migration [27–30]. Immunostaining of
ovaries showed that dGMF is expressed in the follicular epithe-
lium and is more prominent in polar cells, migrating border
cells, and centripedal cells (Figures 2A and 2B; unpublished
data). To examine the role of dGMF in border cell migration,
we generated a dGMF mutant allele by imprecise excision of
P element P{EP}CG5869(G2885). One mutant allele, gmf1,
which lacked entire coding region of dGMF and part of the
neighboring gene CG17328, was recovered (Figure 2C). West-
ern blot and immunostaining analyses of flies and their ovaries
demonstrated that the gmf1mutant did not express dGMFpro-
tein (Figure 2D; data not shown). The gmf1mutants were viable
and fertile and did not show obvious developmental pheno-
types. In addition, when analyzed from fixed samples of stage
10 egg chambers, border cell migration in gmf1 mutants was
not severely compromised compared to wild-type cells (Fig-
ures 2E and 2F). Furthermore, overexpression of GMF in flies
did not result in obvious defects in viability, bristlemorphogen-
esis, or border cell migration (Figures S2A–S2C).
Because border cells were able to reach their final destina-
tion in the egg chamber at stage 10 in gmf1 mutant flies, we
examined possible genetic interactions between GMF and
other regulators of actin filament disassembly. These experi-
ments revealed that lack of dGMF displays strong synergistic
effects in border cell migration with the cofilin cofactor Aip1.
This protein promotes rapid actin turnover by interacting with
cofilin-decorated actin filaments and enhancing their dis-
assembly [12, 31–33]. In Drosophila, inactivation of the Aip1
homolog Flare causes defects similar to cofilin (Twinstar) mu-
tants, including accumulation of excess F-actin and increased
stability of actin networks [34, 35]. Our experiments revealed
that Aip1 silencing caused F-actin accumulation andmoderate
border cell migration delays as detected from fixed stage 10
egg chambers. However, in the gmf1mutant background actin
accumulation and cell migration delay were strongly en-
hanced, with themajority of border cell clusters failing to prop-
erly delaminate from the epithelium or remaining at the anterior
tip of the egg chamber (Figures 2E and 2F). Similar genetic in-
teractions were observed when dGMF was depleted from
ovaries by RNAi (Figure S2D). Simultaneous inactivation of
dGMF and Aip1 also resulted in an accumulation of F-actin in
follicular epithelium of developing egg chambers, and in defor-
mation of bristles in the thorax (Figures S2E–S2G).
Because debranching of Arp2/3-nucleated actin filaments is
a conserved activity of GMFs in vitro, we examined whether
dGMF localizes specifically to Arp2/3-nucleated actin filament
structures in vivo andwhether lack of dGMF induces defects in
the disassembly of Arp2/3-nucleated actin filament networks.
As amarker of the Arp2/3 complex, we expressed GFP-tagged
Arcp1/p40 (actin-related protein 2/3 complex, subunit 1; aka
Sop2) in border cells [36]. Aip1 silencing in border cells resultedin accumulation of F-actin dots, which were often enriched
with Arcp1-GFP and dGMF. Simultaneous silencing of Aip1
and dGMF enhanced the accumulation of F-actin foci, which
were marked by Arcp1-GFP (Figure 2G). To reveal whether
GMF specifically localizes to actin filament arrays nucleated
by Arp2/3 complex, we also examined dGMF distribution
in follicular epithelium expressing constitutively active actin
filament nucleator Dia1 formin that promotes formation of
straight actin filaments independently of Arp2/3. Importantly,
although Dia1 expression led to the appearance of F-actin-
rich foci in cells, dGMF was not enriched on these structures
(Figure 2H). These observations suggest that dGMF localizes
specifically to Arp2/3-nucleated actin arrays in animal tissues
and promotes their disassembly together with Aip1.
To confirm the role of Aip1 and GMF in the disassembly of
Arp2/3-nucleated actin filament networks, we silenced Aip1
and GMF in Drosophila S2R+ cells. As we observed in border
cells in vivo, simultaneous depletion of Aip1 and dGMF in
S2R+ cells resulted in F-actin accumulation, seen as cyto-
plasmic aggregates, as well as in thickening of lamellipodial
actin-rich ridges (Figure 3). Importantly, formation of these
actin aggregates was Arp2/3 dependent, because silencing
of ArpC5/p16, a component of Arp2/3 complex, prevented F-
actin accumulation uponGMF and Aip1 depletion. As reported
previously [37], Arp2/3 inhibition in S2 cells led to a spiky
phenotype, reflecting the inability to nucleate new cortical
actin filaments. Simultaneous silencing of Aip1 and GMF failed
to induce formation of abnormal actin filament aggregates in
these cells (Figures 3A and 3B).
To further investigate how GMF and Aip1 cooperate in
promoting disassembly of Arp2/3-nucleated actin networks,
we monitored Arp2/3 nucleation inhibition and debranching
using pyrene actin filament disassembly and TIRF assays,
respectively (Figure S3). Although dGMF and Aip1 function
synergistically in vivo, Aip1 did not enhance GMF activities
in vitro, suggesting that these two proteins are unlikely to
directly collaborate in promoting actin filament disassembly.
Instead, the cooperative effects observed in vivo are likely
due to separate, complementary roles in promoting actin
disassembly in cooperation with cofilin (i.e., GMF promotes
the disassembly of actin networks by enhancing filament
debranching and inhibiting nucleation by Arp2/3 complex,
whereas Aip1 enhances cofilin-mediated filament severing).
In budding yeast, GMF displays synthetic genetic interaction
with cofilin [9]. However, because cofilin depletion resulted in
lethal phenotype in flies, genetic interactions between GMF
and cofilin could not be examined in this system.
Because our genetic analysis of GMF and Aip1 indicated
that dGMF indeed contributes to border cell migration, we
examined in more detail the role of dGMF during this process
by performing live-cell imaging ofDrosophila egg chambers. In
these experiments, border cells were visualized by expression
of actin-GFP, and the plasma membranes of the egg chamber
cells were labeled with red membrane dye N-(3-triethylammo-
niumpropyl)-4-(6-(4-(diethylamino) phenyl)hexatrienyl)pyridi-
nium dibromide (FM4-64) (Figure 4A). Only posterior migration
to the oocyte was analyzed, and this was further divided into
early and late migration phases [25, 26]. Early phase was
defined as the detachment of border cell cluster from the
epithelium and the first 50% of its journey to the oocyte; late
phase was defined as the remaining 50% of the journey until
border cell clusters contacted the oocyte (Figure 4A). There
are changes in the behavior of wild-type border cell clusters
during their posterior migration. In the early phase, border
Figure 2. dGMF Is Expressed inMigratingBorder Cells andDisplays Genetic Interactionwith Aip1 to Drive Border Cell Migration andDisassembly of Arp2/3-
Nucleated Dendritic F-Actin Networks
(A) A dGMF-specific antibody demonstrates expression of dGMF in migrating border cells. dGMF is shown in green, DAPI (blue) labels DNA, and phalloidin
(red) labels F-actin in left panel. Only the dGMF channel is shown in the right panel. Border cells (indicated by arrow) display elevated dGMF expression
compared to follicular epithelium. Scale bar, 50 mm. For this and subsequent figures, anterior is on the left.
(B) In migrating border cells, dGMF displays predominantly diffuse cytoplasmic localization. Scale bar, 10 mm. Genotype for (A) and (B) is W1118.
(legend continued on next page)
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Figure 3. Accumulation of F-Actin in dGMF-
and Aip1-Depleted S2R+ Cells Is Dependent on
Arp2/3
(A) Accumulation of F-actin aggregates upon
silencing of dGMF and Aip1 is blocked by simul-
taneous depletion of the Arp2/3 complex sub-
unit ArpC5/p16. Control, dGMF, Aip1, ArpC5,
dGMF+Aip1, and dGMF+Aip1+ArpC5 knockdown
S2R+ cells plated in concanavalin A and stained
with phalloidin to visualize F-actin. Arrowheads
indicate small actin aggregates in Aip1 and Aip1/
dGMF knockdown cells, whereas arrows indicate
pronounced F-actin aggregates in Aip1/dGMF
knockdown cells. Please note that depletion of
ArpC5 results in a spiky phenotype typical for
Arp2/3 inhibition [37] both in the presence and
absence of Aip1 and GMF.
(B) Bar graph showing percentage of cells with
none (white), weak-to-moderate (gray), or strong
(red) F-actin accumulation. Samples were scored
blindly. n = 105–235.
(C) Western blot analysis of dsRNA-treated S2R+
cell lysates demonstrating efficient silencing of
dGMF and Aip1. Tubulin was used as a loading
control. Note that the stellate morphology of
ArpC5/p16-silenced cells in (A) is similar to that
described for silencing of Arp2/3 complex com-
ponents in S2 cells and thus verifies the efficient
silencing of ArpC5/p16.
See also Figure S3.
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2537cell clusters are elongated, and their movement is more
streamlined and rapid. This migration phase is characterized
by the extension of relatively large front protrusions that are
long lived and requires the Rac exchange factors Vav or
Elmo/DOCK180 [25, 26]. In the late phase, border cell clusters
are more round in shape, their movements are more disor-
dered, and the speed of their migration is approximately half
that of the early phase (Figures 4B and 4C; Movie S2) [25,
26]. Although our analysis of border cell migration in fixed sam-
ples did not reveal gross defects in gmf1 mutant flies (Figures
3E and 3F), our live-cell imaging analysis revealed that border
cells in gmf1 mutant flies migrate significantly slower than in
wild-type flies, especially during the early phase (Figure 4B;
Movie S3). This was indicated by a decrease in the average
speed of border cell cluster migration. Despite slower migra-
tion speed, gmf1 mutant border cells finished their migration(C) Schematic diagram of dGMF (cg5869) chromosomal locus showing the dGM
arrowhead. dGMF mutant was generated by imprecise excision, and the black
(D) Western blot analysis of control (W1118) and homozygous dGMF mutant fl
(E) Representative images of stage 10 egg chambers. Nuclei are in blue and F
50 mm.
(F) Quantification of border cell migration delays in stage 10. Upper panel, left-
their migration to the oocyte. Right-hand side: principles of scoring the position
cell clusters that did not delaminate or migrate (red); that migrated 25% (light g
the oocyte (black). Lower panel: quantitation of the positions of border cell clus
finish their migration in stage 10, Aip1 silencing causes moderate migration dela
by combining Aip1 silencing and the gmf1 mutant. n = 87–207.
(G) Accumulation of Arp2/3-enriched F-actin aggregates (yellow arrowheads)
F-actin aggregates in border cells, and >70% of the foci displayed clear accu
caused increased intensity and size of F-actin aggregates, virtually all of which
enous dGMF is stained with an antibody, and Arp2/3 is visualized by Arpc1-GF
trol), c306Gal4/+; gmf1/gmf1 (dGMF2/2), c306Gal4/+; +/+; UAS-Aip1-RNAi GD/+
Aip1-RNAi).
(H) Aip1 silencing resulted in localization of dGMF at sites of F-actin accumula
expression of constitutive active formin Dia. Confocal images of follicular epith
Genotypes are c306Gal4/+; UAS-Aip1-RNAi kk/+ (Aip1-RNAi) and UAS-Dia-C
F-actin and dGMF accumulation in Aip1-silenced epithelium is indicated with
See also Figure S2.in time when scored at stage 10, similarly to reported previ-
ously for other fly strains with diminished border cell migration
speeds (e.g., [26]). Furthermore, decreased single cell speed
of gmf1 mutant border cells demonstrated that, in addition to
decreased directionality, individual border cells were less
motile compared to wild-type cells during the early phase (Fig-
ures 4B and S4A).
We next examined the possible effects of dGMF on the dy-
namics of cellular extensions in migrating border cells (Fig-
ure S4B). Extensions in gmf1 mutant border cells displayed
the front-biased distribution similar to control cells, indicating
that border cells were able to read the guidance gradients and
that front-back polarity of the border cell cluster was main-
tained also in the absence of dGMF (Figure S4C). Moreover,
gmf1 mutant border cells were capable of forming extensions
in a similar, albeit somewhat decreased amount compared toF transcript. P element insertion P{EP}CG5869(G2885) is indicated by black
line indicates the 2,108 base pair region deleted in GMF mutant.
ies using anti-dGMF antibodies. Cofilin was used as a loading control.
-actin is in red. Yellow arrowheads indicate border cell clusters. Scale bar,
hand side: schematic presentation of control border cells that have finished
of border cells as a percentage of their migration path to the oocyte: border
ray), 50% (gray), or 75% (dark gray); and finished their posterior migration to
ters in stage 10 egg chambers. While wild-type and GMFmutant border cells
ys and accumulation of F-actin. These abnormalities are strongly enhanced
in Aip1- and GMF-silenced cells. Aip1 silencing led to formation of small
mulation of Arp2/3 and dGMF. Simultaneous silencing of Aip1 and dGMF
were strongly enriched in Arp2/3. F-actin is labeled with phalloidin, endog-
P fusion. Scale bar, 10 mm. Genotypes for (F) and (G) were c306Gal4/+ (con-
(Aip1-RNAi), and c306Gal4/+; gmf1/gmf1; UAS-Aip1-RNAi GD/+ (dGMF2/2,
tion, whereas dGMF did not localize to F-actin aggregates induced by over-
elium displaying F-actin accumulation (detected by fluorescent phalloidin).
A/+; +/SlboGal4 (overexpression of constitutively active Dia). The site of
yellow arrowhead. Scale bar, 10 mm.
Figure 4. dGMF Promotes the Migration of Border Cells and Increases the Dynamics of Cellular Extensions
(A) Time-lapse image of the egg chamber where border cells have reached 50% of their migration path. Border cells are marked by expression of actin-GFP
and the tissue surrounding them with red membrane dye FM4-64. For analysis, the movies were divided into early and late phases according to the time
point where border cells first reach 50% of their migration path. Scale bar, 20 mm.
(B) Quantification of net speed (yellow bars) and speed of tracked single cells (blue bars) from live movies. Net speed was calculated based on distance
between the start position and end position of the border cluster center (yellow lines). Single cell speed was calculated based on the path that nucleus
of a single border cell traveled (white line in A, blue line in B). n = 17–38. Data shown indicate mean 6 SEM. ***p < 0.001, **p < 0.01, Student’s t test.
(C) Still images from time-lapsemovies representing typicalmorphology of border cell clusters during early and late phases of posteriormigration. Scale bar,
10 mm.
(D) Left-hand side: extensions (bottom image, black objects are extensions detected from the macro) of the border cell clusters were extracted from pro-
jected 2D GFP-channels (upper image) by using automatedmacros. Right-hand side: the persistence of extensions in minutes was quantitated by using the
customized macros. Data shown indicate mean 6 SEM. **p < 0.01, Student’s t test.
(E) Average areas of the front, side, and back extensions. For measuring the area of extensions, each time frame was analyzed, and extensions were sepa-
rated according to their direction into forward (0–45 and 315–360), backward (135–225), and sideway (the rest) directions. Data shown indicatemean6
SEM. Genotypes in Figure 4 are 2xsblo-Actin-GFP/+ (control), 2xsblo-Actin-GFP. gmf1/gmf1 (dGMF2/2).
See also Figure S4 and Movies S2 and S3.
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2538control cells, suggesting that initiation of extensions was not
severely compromised in gmf1 mutants (Figure S4D). On the
other hand, the lifetime of extensions was significantly
increased in gmf1 mutant border cell clusters during the early
phase (Figure 4D). Furthermore, the average areas of the front
extensions were decreased and the area of side extensions
increased in gmf1 mutant border cells (Figure 4E). Thus, gmf1
mutant border cells display two different phenotypes in
early phase: increased lifetime of extensions and decreased
forward-directed protrusion areas. Increased lifetime ofextensions suggests that retraction dynamics of extensions
is diminished. Decreased protrusion area, in turn, suggests
that GMF may promote outgrowth of large productive exten-
sions involved in forward movement. This phenotype may be
linked to lack of assembly competent actin monomers, result-
ing from defects in GMF-mediated actin filament network
disassembly, and therefore abnormal stabilization of preexist-
ing protrusions. To elucidate whether the decreased migration
speed of gmf1mutant border cells was due to smaller front ex-
tensions, we analyzed the forward movement of border cell
GMF Promotes Cell Migration In Vivo
2539clusters normalized by their front extension areas, which re-
vealed that the smaller area of front extensions in gmf1mutant
border cells correlateswell with their slower forwardmovement
(Figures 4B and 4D). Together, these results suggest that
dGMF enhances the retraction dynamics of cellular extensions
in border cells and thus plays an important role in directional
migration of border cell clusters in Drosophila egg chambers.
Collectively, our data reveal that in cultured cells and animal
tissues GMF localizes to Arp2/3-nucleated actin filament
arrays and promotes their disassembly. These results are
consistent with genetic interactions between GMF and cofilin
mutants in yeast and provide in vivo support for the role of
GMF as a debranching factor [9]. Our studies using RNAi
silencing and a gmf1 mutant strain to inactivate dGMF in
Drosophila tissues revealed that GMF plays an important
role in guided, collective cell migration in the tissue environ-
ment and cooperates in this process with Aip1. Importantly,
live-cell imaging analysis of border cell migration in egg cham-
bers revealed that GMF is required to maintain dynamic cell
extensions. Interestingly, lamellipodia in cultured cells display
oscillatory behavior consisting of protrusion and retraction pe-
riods [8], where Arp2/3 complex is enriched during the exten-
sion period [7]. Our work suggests that, reciprocally, GMF is
not enriched at the lamellipodium during the extension period.
Thus, GMF does not appear to regulate the assembly of Arp2/
3-nucleated lamellipodial actin filament arrays, but instead
promotes their disassembly to facilitate lamellipodial retrac-
tion. In the future, it will be important to elucidate the pathways
regulating GMF activity and localization in lamellipodial dy-
namics. Good candidates for the mechanisms controlling
GMF localization and activity in vivo include GMF phosphory-
lation and nucleotide hydrolysis by Arp2/3 complex. This is
because Arp2/3 association of GMF can be regulated by phos-
phorylation of a serine residue in its N terminus and because
GMF preferentially interacts with ‘‘aged’’ ADP-Arp2/3 complex
[17, 38]. It will also be important to address the possible inter-
play between GMF and other negative regulators of Arp2/3
complex, including coronin [39, 40], PICK1 [41], and arpin [42].
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